Microbiome-host interactions are important to nearly all living organisms, and play important roles in health and disease. Understanding these interkingdom cross-talks has a huge potential to advance diverse scientific domains such as the clinical and medical sciences, agriculture, and ecology. Detecting such interactions by experimental techniques remain challenging from a cost and feasibility perspective thus hampering large-scale analyses. Computational approaches not only make the inference of microbiome-host interactions viable but also scalable. Here, we present MicrobioLink, a computational pipeline to integrate predicted interactions between microbial and host proteins with host molecular networks. With MicrobioLink users can analyse how microbial proteins in a certain context are influencing cellular processes by interacting with host proteins and affecting downstream pathways, regulating gene expression and metabolism. To show the applicability of the pipeline, we used Crohn's disease metaproteomic data and compared the predictions from the pipeline with those from the healthy condition to demonstrate the achievability of a potential model showing how the influence of microbial proteins can potentially influence disease developments. MicrobioLink is a freely available on GitHub.
Introduction
Microbiota-host interactions happen in most organisms, shaping their metabolism and evolution [1] [2] [3] . In many ecosystems, microbial communities play important roles in the dynamic interactions with the host [4] . When associated with host organisms, microbial communities influence host physiology and health. The community of microorganisms are indispensable to human life since they modulate and influence immunity and nutrient acquisition. For example, the gastrointestinal microbiome plays a crucial role in nutrient assimilation and energy yield by actively participating in metabolic pathways [9] . Dysbiosis (compositional alterations) of gut microbial communities can induce diseases such as type 2 diabetes, obesity and inflammatory bowel diseases such as Crohn's disease [10, 11] . Infection with pathogenic microbes are known to cause harm to the host as well as to the microbial community by excluding beneficial species [12] .
Therefore, the study of microbiome-host interactions and cross-talks are important in terms of monitoring and remediation of health. Such crosstalks are mediated by molecular interactions between various molecular components expressed by the host and the microbiome. Bacterial molecules, such as metabolites [15] , proteins [16, 17, [17] [18] [19] [20] and small RNAs [21] , can interact with host molecules, and launch an intracellular cascade able to modulate biological processes by affecting key host genes and proteins. Next to metabolite mediated interactions, protein-protein interactions (PPIs) are one of the most relevant and reported types of molecular interactions between the host and microbes [17] [18] [19] [20] . However, experimental techniques to probe inter-species PPIs are time consuming and have limitations imposed by cost [2, 14, 16, [22] [23] [24] . Hence, there is a dearth of validated inter-species PPIs in publicly available databases and are mostly limited to pathogens. From the inferred microbe-host PPIs, it is possible to build interaction networks to better understand the interactions among the microbial and host components and how these interactions interfere with host metabolism and physiology [25] .
There are some publicly available microbe-host interaction prediction based resources and pipelines. Some like PHISTO [26] , PATRIC [27] , Proteopathogen [28] , VirBase [29] and, HPIDB [30] perform PPI predictions but they only include predictions for pathogens [25] . Other tools, which include commensal microbes as COBRA [31] , RAVEN [32] and Kbase [33] , use metabolomics data instead of proteomics [34] . However, most of the existing resources and pipelines are confined to predicting the direct molecular interactions at the microbe-host interface, and do not infer the downstream effects on functional processes and host signalling pathways.
Here, we introduce MicrobioLink -a pipeline to analyse microbiomehost interactions at a cellular level using network approaches. There are two central phases in the workflow of MicrobioLink: the prediction of interactions between microbial and host proteins and the integration of network and omics datasets for the downstream analysis. The first phase is built on the structural features of the interacting proteins. The second phase uses publicly available host multilayered networks containing experimentally determined molecular interactions, we prioritize the microbiome-host interactions that converge to and potentially effect a selected set of userprovided gene/protein list. The user-provided gene/protein list can be compiled either from a priori knowledge derived from phenotypic observations or contextual data obtained from -omic experiments such as gene expression, proteomics etc. This key feature of MicrobioLink helps endusers to expand the list of experimentally verifiable hypotheses postulated from the inferred indirect effects of microbial proteins on the host and prioritize pathways and signalling chains based on various criteria (such as chain length, host protein localization, contextual expression).
Pipeline description
As a first step in the workflow (Figure 1a ), bacterial and host protein lists for the interaction prediction are compiled. The bacterial proteins can be obtained from annotated and/or experimentally derived bacterial proteomes or metaproteomes in the case of communities. As for the host proteins, the list is compiled based on their localization depending on whether or not the interactions between the bacterial and host proteins are spatially possible. Localization based filtering can be applied also to bacterial proteins depending on the context. For example, in the case of microbes that are extracellular to the host, host proteins are confined to those present at the extracellular matrix or plasma membrane, because these are the locations where they are more prone to interact with the bacterial proteins. In this case, bacterial proteins are narrowed down to extracellular or secreted or membrane bound subsets. The bacterial proteins can be provided by the user, either from experiments,publicly available datasets or bioinformatic predictions. Resources which are currently used in the MicrobioLink pipeline to compile the human proteins are ComPPI [35] , MatrixDB [36] and Human Protein Atlas (HPA) [37] . The user can also provide their own pre-compiled lists of proteins.
The next step is the interaction prediction. In this step, we compare the annotated domains and motifs from the compiled bacterial and host proteins with the databases DOMINE [38] and ELM [39] , which respectively contain high-confidence lists of domain-domain and domain-motif pairs already known to interact [18, 40, 41] . This procedure helps determine which bacterial proteins via their respective domains interact with host receptor proteins. For quality control purposes, the interactions are then filtered to retain only those interactions which are sterically possible [42, 43] . This is performed by excluding interactions involving motifs outside disordered interactions (using IUPRED [44] ) and/or within globular domains (from PFAM [45] , InterPro [46] ). Some studies such as [18] [19] [20] have already successfully used this structure-based approach to predict PPIs between microbial and host proteins, and validated the PPIs experimentally.
To trace the possible paths from the host receptor proteins potentially modulated by the bacterial proteins, directed multilayered networks containing protein-protein interactions (PPIs) and transcriptional regulatory interactions . By compiling the networks, it is possible to obtain potential chains/pathways affected by the bacterial proteins. Subsequently, the user can provide a list of host proteins of interest, which can be important proteins for the studied conditions or related cellular processes. This data is provided by the user based on GWAS, literature search or -omic expression datasets. Such proteins can be subsequently used to to prioritize the molecular chains, retaining only those involving the selected host proteins of interest.
Then, the chains are filtered by their specificity: chains connected with bacterial proteins from both conditions are excluded, keeping only chains specific from one of the conditions. Additionally, if the selected host target genes at the end of the chains are from a transcriptomic dataset, then the immediate upstream neighbour of the selected host target genes needs to be a transcription factor, so only chains with TRIs between them are kept.
Finally, the obtained model can be visualized by a multilayered network which starts with the bacterial protein-host receptor interactions, and ultimately reaching the selected host target genes through PPIs and TRIs. A pipeline summary is presented in Figure 1 .a.
Case study
As an example of demonstrating the applicability of the MicrobioLink pipeline, we performed a study comparing how different are the microbiomehost interactions in patients with Crohn's disease (CD) (a disease characterized by microbial dysbiosis) and from healthy individuals. We then use these network-derived differences to generate hypotheses which can potentially explain the role of the microbiota proteins either in disease development or progression. To perform this study, we first obtained the differentially abundance microbial proteins in healthy individuals in comparison to CD subjects from a Swedish twin study [47] . In total, 1221 microbial proteins from healthy individuals and 865 protein from CD patients were obtained. Then, we compiled human proteins located in the extracellular matrix and cellular membrane, resulting in a total of 3601 proteins.
After compiling the protein lists, we performed the interaction prediction between microbial and human proteins, resulting in 1921 predicted interactions: 433 from healthy and 1488 from CD. The predicted interactions were then refined by passing them through a disorder and structural filtering step in order to eliminate physically and sterically improbable interactions. Subsequently, we selected autophagy genes as potential target genes in the network, since autophagy is one of the known dysregulated cellular processes in CD. This would also enable us to throw light into understanding the potential pathways by which autophagy could be modulated by microbial proteins.
In the next phase, we compiled signaling networks from the publicly available datasets described in the Pipeline description section. These compiled networks contained molecular signaling chains which potentially mediate the signal transmission from the receptors to the autophagy genes. The initial network is depicted in Supplementary Figure 1 . In this figure, we observed that there were many human proteins that shared connections with both CD and healthy bacterial proteins. To retain a specificity as high as possible, we filtered the proteins by excluding nodes connected with both conditions, which then resulted in the network shown in Supplementary Figure 2 .
In the final filtering step, we retained only chains where the last interaction is a TRIs, excluding chains with PPIs in that position. Then, we obtained a model showing how bacterial proteins can potentially modulate autophagy in Crohn's disease. The final model is depicted in Figure 1b . 
Conclusion
Microbiome-host interactions have considerable impact on host phenotypes and their understanding is crucial in making advances in various scientific fields such as medicine, agriculture, environmental conservation etc. However, there are technological and methodological boundaries that challenge researchers to investigate such interactions in a cost-effective and easy-to-use way. Therefore, the development of computation-enabled bioinformatic pipelines, as MicrobioLink, can pave the way for researchers in the community to understand the potential microbe-host interactions and the modulated host processes. Due to the different possibilities in terms of all the interactions and pathways possible between the set of microbial and host proteins, MicrobioLink will help prioritize on a selected number of pathways based on specific criteria such as contextual expression data etc. MicrobioLink builds on existing methods, which were used separately and in a nonstandardized way before, to predict microbiome-host interactions and extends them with novel additional functionalities such as inferring the functional relevance of the host proteins potentially modulated by the microbial proteins. This inference is achieved by embedding the host proteins within molecular interaction networks and relevant -omic datasets.
Using MicrobioLink is possible to evaluate microbiome-host interactions for many different conditions and organisms. It can be used either for evaluate how single microorganism interfere in the host processes or entire microbiomes. Also, it can be used for many types of hosts, being plants, animals or fungi and enables the evaluation for either commensal and pathogen interactions, enabling to understand the environment dynamics to develop models from this interactions.
Code availability
Codes of the MicrobioLink pipeline (in Python) are available at https://github.com/korcsmarosgroup/HMIpipeline.
